all-trans-Retinal was previously shown to stimulate high levels of superoxide release by guinea pig neutrophils. When the cells, previously labeled with [3H]inositol, are treated with all-trans-retinal, they exhibit a decrease in the levels of [3H]inositol phospholipids and an increase in the accumulation of [3H]inositol phosphates. The maximal accumulation of inositol phosphates and the optimal rate of superoxide release occurred together at -7 min after stimulation. Retinoids are known to block the effects of phorbol esters on a wide variety of cells (6, 15, 16) . However, we have recently reported that they stimulate high levels of O2 release by neutrophils (17). The mechanism of the stimulation by retinoids is of interest since this is a situation in which retinoids mimic, rather than inhibit, a cellular effect of phorbol esters. In this paper, we report effects of all-transretinal on phospholipase C and protein kinase C of neutrophils. (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ci/mmol; 1 Ci = 37 GBq) and [y-32P]ATP (2-10 Ci/mmol) were purchased from Dupont-NEN Products. all-trans-Retinal (Type XVI), phosphatidylserine, 1,2-dioleoyl-rac-glycerol, histone (type III-S), neomycin sulfate, and inositol phospholipid standards were obtained from Sigma. Anion exchange resin AG1-X8 (formate form) (200-400 mesh) was a product of Bio-Rad. Glycophase G glass beads (CPG/200) were obtained from Pierce. Sources of all other materials used have been described elsewhere (12, 17) .
Retinoids have recently attracted considerable attention due to their ability to affect cellular differentiation and inhibit carcinogenesis (for review, see ref. 1 ). These substances may exert their effects by influencing the expression of certain genes (e.g., see ref. 2) , by functioning as glycolipid intermediates in glycosylation reactions (e.g., see ref. 3) , by increasing the liquid crystalline fraction of membranes (4, 5) , and by acting as inhibitors of protein kinase C (e.g., see refs. [6] [7] [8] . The last-mentioned enzyme is itself the cellular receptor for the tumor-promoting phorbol esters (9, 10) . Diglyceride, formed by a phospholipase C-catalyzed hydrolysis of inositol phospholipids, is the physiological activator of protein kinase C (e.g., see ref. 10) , and phorbol esters can substitute for diglyceride in this role (10) .
Certain phorbol esters [e.g., phorbol 12-myristate 13-acetate (PMA)] have been widely used as inducers of high levels of superoxide (O°2) release by neutrophils (e.g., see refs. 11 and 12) . Superoxide is a key component of the oxygen-dependent antimicrobial mechanisms of phagocytic leukocytes (for review, see ref. 13 ). Activation of phospholipase C and of protein kinase C are considered to be critical initial events in the stimulation of this release (for review, see ref. 14) .
Retinoids are known to block the effects of phorbol esters on a wide variety of cells (6, 15, 16) . However, we have recently reported that they stimulate high levels of O2 release by neutrophils (17) . The mechanism of the stimulation by retinoids is of interest since this is a situation in which retinoids mimic, rather than inhibit, a cellular effect of phorbol esters. In this paper, we report effects of all-transretinal on phospholipase C and protein kinase C of neutrophils.
MATERIALS AND METHODS
myo-[2-3H]Inositol (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (12, 17) .
Preparation of Neutrophils. Guinea pig peritoneal neutrophils were prepared as described (18) .
Superoxide Release. Superoxide release by neutrophils was measured as outlined earlier (12) . Solutions of all-transretinal (10 mM) were prepared in dimethyl sulfoxide immediately prior to use (17) . Stock solutions of fMet-Leu-Phe and PMA were prepared in dimethyl sulfoxide and stored at -20°C until needed. These compounds were diluted with dimethyl sulfoxide so that the final concentration of solvent in the assays was 0.25% (vol/vol) and the reactions were terminated by rapidly pouring the cell suspensions into 500-ml flasks containing 100 ml of the modified Hanks' Hepes buffer chilled to 4°C. The cells were transferred to 50-ml centrifuge tubes and collected by centrifugation for 10 min at 4°C. Cell pellets were lysed by the addition of 0.67 ml of 4.5% perchloric acid, and the water extracts were combined and neutralized by the procedure of Bradford and Rubin (19 to that observed for retinal alone-i.e., a single sustained rate was seen; the maximal rate was that for either stimulus alone-i.e., the rates were not additive (cf. Fig. 1 (Fig. 2) . The large amount of this entity is probably a reflection of the higher concentration and greater specific activity of [3H]phosphatidylinositol in these cells compared to the other inositol phospholipids (Table 1) .
Stimulation of neutrophils with all-trans-retinal resulted in increases of the radioactivity in InsP2 and InsP3 of -4.5-and =2.7-fold, respectively, whereas that in InsP was increased by a factor of only 1.5 (Fig. 3) . Maximal accumulation of radioactive inositol phosphates occurred at '-7 min after stimulation with all-trans-retinal, the same time at which optimal O2 release was observed with this stimulus (Fig. 3 ).
These increases in inositol phosphates were comparable to those observed upon stimulation of the cells with fMet-LeuPhe (Table 2 ). In contrast, stimulation with the tumor promoter PMA, which bypasses the phospholipase C step and activates protein kinase C directly (e.g., see ref. Proc. Natl. Acad. Sci. USA 83 (1986) 7675 produced only marginal effects on the levels of these substances. The time periods chosen in Table 2 to compare the levels of inositol phosphates in cells stimulated with various agents were those at which the cells responded maximally in terms of O-release (Fig. 1) Neutrophils labeled with [3H]inositol were incubated with the stimuli listed for a period of time during which each agent evoked maximal superoxide release. These time periods for all-trans-retinal, PMA, and fMet-Leu-Phe were 7 min, 1 min, and 30 sec, respectively (Fig. 1 Effect of all-trans-Retinal on Protein Kinase C Activity.
Treatment of intact cells with retinal (25 ,uM) for 10 min had no effect on the total amount of protein kinase C activity that could be recovered-for example, by lysis of the cells in the presence of 5 mM EDTA. The values for recovered protein kinase C were as follows: control cells, 6389 ± 873 (n = 6);
retinal-treated cells, 5814 ± 839 (n = 6) (pmol of Pi per 4 min per 108 cells ± SEM).
The physiological substrates of protein kinase C in neutrophils are not presently known. We therefore evaluated the effects of all-trans-retinal on this kinase in vitro by using an exogenous substrate. Neutrophil protein kinase C activity is in the cytosol (25) ; it is stimulated severalfold by calcium in the presence of phosphatidylserine and diolein (protein kinase C) (Fig. 4) . Calcium alone produced some stimulation (=50%), whereas diolein alone was without effect on the enzyme activity (unpublished data). all-trans-Retinal at 10 and 100 AM inhibited this protein kinase C activity by at most 20% and 47%, respectively, and did not significantly affect the basal activity (i.e., activity measured in the absence of Ca2", diolein, and phosphatidylserine) (Fig. 4) . Under identical conditions, all-trans-retinal at 10 ttM completely inhibits protein kinase C from cultured pituitary cells and increases the basal kinase activity severalfold (6) . The assay conditions used in Fig. 4 were chosen for comparative purposes but are not optimal. No inhibition of protein kinase C activity from neutrophils by all-trans-retinal (10 or 100 AM) was observed when optimal conditions (i.e., those used in ref. 26 ) were employed (W.H., unpublished data).
DISCUSSION
We have recently reported that compounds known to increase the liquid crystalline fraction of membranes [e.g., cis-unsaturated fatty acids (27, 28) , retinoids (4, 5) ] induce high levels of 0°release by neutrophils (17, 29) . Cisunsaturated fatty acids stimulate purified phosphatidylinositol-specific phospholipase C activity in vitro (30, 31) , and this effect has been attributed to alteration of the physical properties of the lipid substrate (30 14) . Neutrophils stimulated with all-trans-retinal may similarly utilize these "second messengers," since all-trans-retinal does not significantly inhibit protein kinase C from these cells at concentrations at which it elicits 0°production (Fig. 4 ). This contrasts with the situation regarding the kinase obtained from other sources (6) .
Previous studies have shown that neutrophils treated with fMet-Leu-Phe degrade their inositol phospholipids and accumulate inositol phosphates, with the maximal effects occurring at 20-30 sec after stimulation (19, (33) (34) (35) . This rapid response is compatible with the absence of a lag period in the progress curve for 0°release with this stimulus (Fig.  1) . In contrast, neutrophils stimulated with all-trans-retinal exhibit a pronounced lag period in 0°release (Fig. 1) and do not exhibit maximal accumulation of labeled InsP2 and InsP3 until several minutes after stimulation (Fig. 3) . The lag period of 01 release may therefore correlate with attainment of a critical level of a particular component. In our experiments, fMet-Leu-Phe and all-trans-retinal induced similar levels of inositol phosphates, with InsP2 predominating in the case of both stimuli (Table 2) . Reasons for the apparently high levels of labeled InsP2 (measured as 3H) may include the larger quantity and greater specific activity of the substrate phosphatidylinositol 4-phosphate compared to phosphatidylinositol 4,5-bisphosphate (Table 1) , the possibility that phosphatidylinositol 4-phosphate is the preferred substrate (36) , and/or the existence of phosphatases of high activity in guinea pig neutrophils that degrade InsP3 (37) .
Retinoids at concentrations similar to those used here affect differentiation and growth of normal and malignant cells, even in cells that lack specific cytosolic-binding proteins for these substances (ref. 38 and refs. cited therein). In this paper, we report an effect of all-trans-retinal on a particular cell type (i.e., activation of phospholipase C). In addition, we show that the neutrophil protein kinase C is largely insensitive to all-trans-retinal when examined in cell extracts (Fig. 4) . Studies to determine whether retinoids activate phospholipase C in cells other than neutrophils would be of interest.
